The wound-healing response is critical to the outcome of refractive surgery and studying wound healing contributes to an understanding of the pathophysiology of other corneal injuries. Animal models allow research to be conducted with sufficient samples and under controlled parameters. We studied the hen to determine the healing process from clinical, biophysical, and biological standpoints after photorefractive keratectomy (PRK). PRK (ÿ6.0 diopters) was performed in hen eyes. At 3, 6, 12, 24, 48, and 72 h and 5, 7, 15, 30, and 60 days postoperatively, we studied the clinical follow-up, objective measurements of light transmission (direct transmittance), apoptosis by TUNEL assay, proliferation by immunocytochemical analysis of 5-bromo-2 0 -deoxyuridine, and expression of alpha smooth muscle actin (SMA) in myofibroblasts in the corneas. Hen corneas reepithelialize quickly. Haze developed from 5 to 60 days after surgery and was correlated with the appearance and finalization of the expression of SMA. The direct transmittance of light was low during the first 15 days and improved at 30 and 60 days. TUNEL-positive cells were observed 3 h after surgery and the numbers decreased thereafter. Epithelial proliferation began at 12 h and was greater at 48 h, while stromal cell proliferation began at 24 h and was greater at 72 h. The hen cornea is anatomically similar to the human cornea, and the manner in which it heals is a good model for studying different surgical techniques and pharmacologic assays.
Introduction
Refractive surgery has increased exponentially in popularity during the past decade, and millions of people worldwide have chosen this alternative to reduce their dependence of glasses and contact lenses. To increase the safety, security, and predictability of refractive procedures, new diagnostic tools, surgical instruments, and techniques have been developed; however, refractive surgery has limitations and complications that should be addressed. The study of corneal wound healing related to refractive surgery procedures and their pharmacologic modulation is an attractive line of research aimed at reducing complications and increasing the quality of vision. This is especially important because cellular and molecular biology has provided powerful weapons for gaining an understanding of the corneal wound-healing process.
Because there are obvious limitations in humans, animal models allow research to be conducted with sufficient samples and under controlled parameters. Wilson et al. (2001) described a cascade of events in rabbits that comprises the corneal wound-healing response. Those authors reported apoptosis of the keratocytes during the first hours after surgery; 24 h after surgery apoptosis is followed by two simultaneous cellular processes: the removal of damaged cells and extracellular matrix. Dead cells are removed by macrophages and damaged extracellular matrix by metalloproteinases (Ye and Azar, 1998; Ye et al., 2000) and the plasmin system (Berman et al., 1980) . Both processes are regulated by several cytokines synthesized and released by the epithelium, i.e., transforming growth factor (TGF)-b and interleukin 1 and 6 (Girard et al., 1991; Malecaze et al., 1997) . The synthesis of new tissue requires proliferation, migration, and differentiation of epithelial cells, which are stimulated by growth factors secreted by keratocytes, epithelial growth factor (EGF), keratinocyte growth factor, and hepatocyte growth factor (Klenkler and Sheardown, 2004; Wilson et al., 1994) . The synthesis of new tissue also requires proliferation of the remaining keratocytes (Zieske, 2000) that are regulated by EGF, TGF-b, platelet-derived growth factor, and fibroblast growth factor, secreted by epithelial and inflammatory cells (Baldwin and Marshall, 2002) and the synthesis of a new extracellular matrix secreted by fibroblasts.
When the basement membrane is damaged, the remaining keratocytes undergo mitosis and differentiation and become myofibroblasts due to release of TGF-b by the epithelium (Stramer et al., 2003) . Myofibroblasts are cells with migration and wound-contraction capabilities that are characterized by expression of alpha smooth-muscle actin (SMA). Finally, the elimination of some cells involved in wound healing and remodeling of disordered collagen results in return to the normal state.
Photorefractive keratectomy (PRK) is a safe and effective procedure to correct refractive errors for cases with epithelial basement membrane dystrophy and high myopia. It is also a good model by which to study wound healing.
Several animal models are available to study corneal wound healing, most of them in rabbits (Mohan et al., 2003) , rats (Power et al., 1995) , and monkeys (Del Pero et al., 1990; Malley et al., 1990) . Rabbits are not a good model because the cornea lacks Bowman's layer and the corneas are highly reactive to pharmacologic and surgical treatments. Rats have a small and pointed cornea and monkeys are difficult to handle, expensive, and have complicated housing requirements. Avian corneas are similar to human corneas and have a Bowman's layer. Hens, which are inexpensive, easy to handle and anesthetize, and do not require complicated housing, have been used in refractive surgery by our research group Torres et al., 2005) and others (Fowler et al., 2004) .
The goals of this study were to describe the wound-healing process after PRK in the avian animal model and relate the clinical course and the objective measurement of transmittance of light to the events that occur during wound healing.
Methods

Animals
Forty-four Iber Braun adult hens, Gallus gallus domesticus (weight, 2 kg) were used. Animals were cared for following the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
The hens were anaesthetized with an intramuscular injection of ketamine hydrochloride (37.5 mg/kg; Ketolar, Parke-Davis S.A., Barcelona, Spain) and xylazine hydrochloride (5 mg/kg; Rompun, Bayer AG, Leverkusen, Germany) followed by topical application of 0.5% tetracaine chlorhydrate and 1 mg of oxybuprocaine (Colircusí Anestésico Doble, Alcon Cusí, S.A., Barcelona, Spain). PRK was performed in both eyes (previous approval of ethical committee of ARVO). By demarcating an area on the central cornea with a 6.5-mm trephine; the epithelium then was scraped gently with a scalpel until the stroma was completely denuded. Each eye was ablated using a 6.0-mm diameter optical zone and received ÿ6.00 D of treatment (68 mm) using an Apex Plus excimer laser (Summit, Waltham, MA). All procedures were done under an operating microscope.
The animals were sacrificed with an intravenous injection of 150 mg/kg ketamine hydrochloride while the animal was under general anaesthesia. The eyes were examined at 11 time points: 3, 6, 12, 24, 48, and 72 h, and 5, 7, 15, 30 , and 60 days (n ¼ 4 eyes per time point and group) based on previous studies of proliferation of corneal cells after PRK (Mohan et al., 2003) .
Clinical course
The corneas were evaluated under a surgical microscope (Takagi OM-5, Nakano, Japan) before and after PRK. To evaluate complications, the animals were observed at 24 h and 2, 3, 5, 8, 15, 30 and 60 days surgery.
Clinical evaluations were conducted according to the human protocol, with attention to progression of the epithelial closure and measurement of haze (defined as the backscattered light that is visible to the observer). The same experienced observer graded the haze on a scale of 0 (completely clear) to 4 (significantly opacified), following the method of Fantes et al. (1990) at 1, 2, 3, 4, 5, 7, 15, 21, 30, 37, 45, 52 , and 60 days postoperatively under a surgical microscope.
Biophysics measurements: transmittance
Measurements of transmittance of light and light scattering were done immediately after euthanasia at 7, 15, 30, and 60 days. Direct transmittance is the measurement of light that the cornea allows to pass through it in the same direction. These measurements were achieved by a device constructed by our group in the Laboratory of Optics (Mar et al., 2004) . The scatterometer works with three laser wavelengths: red He-Ne 632, 8 nm; green He-Ne 543, 5 nm; and infrared diode 830, 0 nm. A set of polarizers controls the light intensity and defines the beam polarization plane; vertical polarization was always used. Three optical fibers collect the light spread in the cornea and transmit it to an individual photomultiplier. The fibers are mounted on a platform that turns in a horizontal plane, driven by a stepping motor.
The corneal support camera is made of stainless steel. The cornea is placed in a Teflon holder between two stainless-steel sheets. The Teflon holder has the same shape as the corneal curvature and a hole 2 mm in diameter, which is twice that of the laser light diameter to prevent interference with the holder. A liquid maintenance medium with constant temperature flows continuously through the camera. All functions of the entire system are computer controlled. Measurement of the whole angular distribution lasts a few minutes to avoid corneal damage.
Tissue processing and light microscopy
All eyes were exenterated and fixed with buffered formalin 10% for 24 h and then were washed in buffer phosphate 0.1 M and embedded in paraffin wax. Sections were stained with hematoxylin-eosin (H-E) and periodic acid Schiff. The sections were examined under an Axiophot light microscope (Zeiss, Oberkochen, Germany) and microphotographs were obtained with a SPOT Digital Camera (Diagnostic Instruments, Sterling Heights, MI).
TUNEL assay
To detect DNA fragmentation associated with apoptosis, we used a fluorescence-based TUNEL assay in deparaffinized sections according to the manufacturer's instructions (Promega Corp., Madison, WI).
Cellular proliferation
One hour before euthanasia, the hens received intramuscular injections of 5 ml/kg of 5-bromo-2 0 -deoxyuridine (BrdU), a marker of DNA synthesis, 10 mg/ml (Sigma). Sections were deparaffinized and treated with 2 N HCl for 1 h at 37 C and after rinsing with tris-buffered saline (TBS) incubated with mouse monoclonal IgG anti-BrdU (1:20 dilution in TBS, Dako) for 30 min at room temperature. The secondary antibody was fluorescein goat anti-mouse IgG (Molecular Probes, Leiden, the Netherlands).
Immunofluorescence
Anti-SMA monoclonal antibody (Clone 1A4) ready to use (Dako Cytomation Carpinteria California). Secondary antibody Texas red goat antimouse IgG (Molecular Probes). Nuclei were stained with DAPI (Molecular Probes).
Sections were examined under an Axiophot fluorescence incorporated microscope and photomicrographs were captured using the SPOT Digital Camera.
Electron microscopy
The glutaraldehyde 2% and paraformaldehyde 2%-fixed corneas were rinsed for 24 h with buffer phosphate 0.1 M and postfixed in 1% osmium tetroxide for 1 to 2 h at room temperature. The tissue then was dehydrated in ascending concentrations of acetone, infiltrated with propylene oxide, and embedded in spur plastic. Sections 1 mm thick were stained with 1% toluidine blue/1% sodium borate solution and examined by light microscopy. Selected sections were cut on an LKB ultramicrotome and examined with a Jeol JEM-1200EXII (Jeol Ltd, Tokyo, Japan) electron microscope.
Cell counting and statistical analysis
Four corneas at each time point and two separate sections from each cornea were used for cell counting (n ¼ 8). In each section, five columns, two on the wound border, one in the center, and two on both sides of center, were evaluated. The diameter of each column was that of a 200Â microscope field. All were counted by one observer.
Results
Clinical course and complications
There were no infections or corneal melting during followup. Visualization of epithelial defects was enhanced by fluorescein staining and recorded photographically using a surgical microscope. Immediately after 7.5-mm deepithelization and corneal laser ablation, a rough surface with concentric ring patterns was observed. The new epithelium covered half of the ulcer at 24 h; on the second day, no epithelial defect was present, but a rough surface was observed.
On day 4 postoperatively, incipient subepithelial (groundglass) haze (grade, 0e1) was observed. The haze gradually increased until it reached a maximum level (grade, 2e3). Thirty days after surgery, the localization was intrastromal, with subsequent regression to the preoperative levels at 2 months (Fig. 1) .
Biophysics measurements
Objective measurement of direct transmittance of light (Fig. 2) during the wound-healing process shows that the evolution of healing corresponded with better light transmission.
Wound healing 3.3.1. Morphological changes during wound healing
The wound healing began in the epithelium. Twenty-four hours after surgery, we observed two layers of cubic epithelial cells in the zone of laser ablation that did not completely cover the entire area of ablation (Fig. 3A) . Forty-eight hours postoperatively, in most cases the wound was covered by a thin (2 or 3 layers) epithelium that was thicker at the edge of the wound than in the center. At 72 h, the central ablated stroma was covered with a regenerated epithelial sheet with a thickness similar to that before surgery, but the cells were disorganized, the connection with the stroma was irregular with a shape similar to that of papillae dermal (Fig. 3B) . At 7 days, the epithelium became hyperplasic and the anterior stroma was slightly hypercellular with gaps. This hypercellularity increased greatly 15 days after surgery, the cells were bigger and had clear nuclei, and the surrounded matrix had numerous irregularities (Figs. 3C,D) .
After 1 month, the hypercellularity, irregularities, and gaps in the stroma decreased slightly, and after 2 months the extracellular matrix and cells nearly recovered to normal. The epithelium remained slightly hyperplasic (Fig. 3F ).
Apoptosis
TUNEL-positive cells were detected in the corneal stroma 3 h after surgery, some of which were necrotic on electron microscopic examination. The number of positive cells decreased after 6 h; most of the cells were on the wound surface. In the central superficial area of the wound, at 12 h macrophages with apoptotic bodies inside were seen. At 24 h, a strip of stroma was devoid of cells and some TUNEL-positive cells could be seen in the base of the epithelium and stroma (Fig. 4) . At 72 h and at 5 and 7 days, we detected few TUNEL-positive cells in the epithelium and stroma. Fig. 5 shows the numbers of TUNEL-positive cells per Â200 microscope field column.
Proliferation
Proliferation (labeled by BrdU, a marker of DNA synthesis) of epithelial cells started in the limbal zone 12 h after surgery. At 24 h, we observed a big increase in BrdU-positive cells in the epithelium in the nearby limbal zones. We found the greatest epithelial proliferation between 48 h to 5 days; this later decreased (Figs. 6 and 8) .
At 24 h after surgery, BrdU-positive cells were detected in the central anterior portion of the stromal wound area. The peak number of BrdU-positive cells was observed 72 h after surgery and decreased progressively until 15 days (Figs. 7 and 8).
Inflammatory cells
A detailed study of semithin sections showed macrophages at 12 h on the stromal surface and few macrophages after 24, 48, and 72 h.
Myofibroblasts
No SMA-labelled cells were observed in unwounded stroma or earlier at 24 to 72 h. Five days postoperatively, there were few SMA-positive cells in the central corneal wound area directly beneath the corneal epithelium. This location was maintained, but the number of positive cells increased, forming a line after 1 week and a strip of one third of the stroma 2 weeks after surgery. This quantity of cells was maintained until 1 month after surgery. No SMA-labeled cells were found 2 months postoperatively (Fig. 9 ). These cells, identified by transmission electron microscopy, were larger than fibroblasts, with long prolongations and a bean-shaped nucleus contained nucleoli. In the periphery of the cytoplasm, a grey homogeneous region corresponded to microfilament bundles, cytoplasmic dense bodies, and organelles close to the nucleus such as rough endoplasmic reticulum, free ribosomes, and large mitochondria (Fig. 10) .
Discussion
This study presents a comprehensive picture of the corneal wound-healing process after refractive surgery as a result of the linking and correlating of clinical, biophysical, and biologic parameters in a hen model that mimics human disease. Previous studies in human have focused on clinical followup by confocal microscopy; however, this technique cannot detect cell death and does not quantify proliferation or determine cell type.
Regarding animal models, different studies have examined apoptosis (Wilson, 1998) , proliferation, and myofibroblast differentiation, and most were conducted in rabbits (Mohan et al., 2003) . However, the rabbit cornea is not appropriate to study human diseases as pointed out by other authors (Fowler et al., 2004) . To the best of our knowledge, no studies have correlated clinical signs (haze) with objective methods to measure light transmission through the healing cornea and establish a relationship with biologic phenomena such as apoptosis, proliferation, and myofibroblast differentiation at different time points.
Haze is a common side effect after PRK that is clinically evident 1 to 4 weeks postoperatively in rabbits and 1 to 10 months postoperatively in humans (Moilanen et al., 2003; van de Pol et al., 2001) . Studies in rabbits have related the development of haze with different events in stromal wound healing: subepithelial deposition of new stromal extracellular matrix components, altered tissue hydration, irregularities at the photoablated stromal surface (Moilanen et al., 2003) , and disruption of the basement membrane (no haze in débride-ment), among others. The severity of haze has been related to the photoablation depth in higher corrections. Thereby, higher corrections involve an increase in cellularity, and hypercellularity produces increased haze (Moller-Pedersen et al., 2000) .
Our results show that haze is present 4 days after the procedure and increases until 15 and 30 days after surgery, returning to preoperative levels at day 60. The grade of haze is strongly correlated with the presence of cellularity (peak proliferation, 72 h). Most of these cells express SMA and thereby could be identified as myofibroblasts. The differentiation from fibroblast to myofibroblasts is caused by TGF, and treatment with neutralizing antibodies to TGF inhibits both the extent and the duration of haze (Moller-Pedersen et al., 1998) . Moreover, Dawson et al. (2005) recently reported human histopathologic findings of myofibroblasts at about 1 month postoperatively that disappeared 1 year later, and they correlated the degree of haze with the number of myofibroblasts. In addition to myofibroblasts, haze appears in hens when the anchoring between the basement membrane and the stroma is more irregular; other factors such as hydration, inflammatory cells, and irregular ablation could contribute to haze formation.
Direct transmittance is the measurement of light that the cornea allows to pass through it in the same direction. Based on our results, there were low levels of direct transmittance of light on days 7 to 15 (<30%) that increased at 30 days and 60 days after surgery (70%e80%). The reduced transmittance during the first 2 weeks also could be related to reflection, absorption, and backscattering. Absorption should be due to some factors in the cells responsible for wound healing; they might have a complex refractive index and therefore the absorption would not be zero. Based on our previous studies, loss of transmittance is related to increased light scattering (Mar et al., submitted for publication). The photons travel through the cell and the cellular components scatter light depending on their size and shape and the size and shape of its organelles (Moller-Pedersen, 2004; Moller-Pedersen et al., 2000) . Fibroblasts and myofibroblasts are larger and present greater quantities of organelles than keratocytes; in addition, myofibroblasts have bundles of actin microfilaments (Fig. 10 ). All these elements have different refractive indices. A mechanism to smooth the fluctuations in the refractive index, proposed by Jester et al. (1999) , are the crystallin proteins, one of the most important of which is the ALDH family, which are not expressed in fibroblasts and myofibroblasts (Funderburgh et al., 2003) . In addition, fibroblasts and myofibroblasts produce more collagen, glycosaminoglycans, and metalloproteinases, all of which are associated with a higher degree of remodeling, which produces irregularities in the extracellular matrix. These disorders produce fluctuations of the refractive index and, therefore, substantial light scattering (Moller-Pedersen, 2004) . Finally, the reflection might be related to increased separation of the collagen fibers that generate destructive interference forward and constructive interference backward (Meek et al., 2003) . During the first 1 to 3 days postoperatively, there is a loss of cells that involves a loss of maintenance of the extracellular matrix, and this lamellar destruction results in large gaps in the tissue. After stromal cell proliferation (labeled by BrdU, a marker of DNA synthesis) (1e7 days), the new cells secreted new matrix (7e30 days) that fill the gaps. Thirty days after surgery there is more extracellular matrix, although it is disorganized and requires 2 or 3 months to recover its organization and ability to transmit light to full capacity.
According to our results, we hypothesized that haze or backscattering depends above all on hypercellularity (myofibroblasts) and less on matrix organization, and transmittance depends above all on matrix organization and less on hypercellularity.
As we showed, the epithelium closed quickly at 48 h in this animal model similar to that described by Fowler et al. (2004) (54.4 AE 2.8 h) in the same animal, and similar to that in humans at 48 to 72 h (Fagerholm, 2000) . Proliferation of the epithelium was detected after 12 h not in neighbouring cells at the wound margin but in limbal zones. Later, this proliferation was very active and after 72 h the epithelial thickness in the central zone was similar to that before surgery; 5 days postoperatively the epithelium was hyperplasic. However, the epithelium did not have a differentiated structure and was not well anchoring to the stroma, showing a highly irregular basement membrane and numerous waves similar to dermic papillae until 1 month postoperatively. At month 2, the epithelial cells were more differentiated, the healed region was smoother, did not resemble the dermic papillae, and was well layered. Dawson et al. (2005) reported similar patterns in a histopathologic study from healing human corneas. Our data in hens suggest that the regenerated epithelium is thinner centrally than the peripherally; conversely, in rabbits the regenerated epithelium was a thick sheet centrally, and the periphery was thinner than normal epithelium (Miyamoto et al., 2003) .
As a result of this active proliferation, some replication and mitosis errors might have occurred leading to apoptosis of the basal cells. The recovery of epithelial thickness and homeostasis leads to apoptosis of superficial epithelial cells 15 days and 1 month after surgery.
Stromal TUNEL-positive cells have been reported 3 h after surgery, similar to that described by Mohan et al. (2003) in rabbits (4 h). Fowler et al. (2004) did not find this in hens because those authors did not use molecular determination and short time points. Apoptosis occurs in two waves. The first occurs early and extensively (at 3 and 12 h) due to epithelial injury (Helena et al., 1998; Wilson, 1998) and the laser effect over the stroma (Shimmura et al., 1999) , and the second occurs at 24 to 72 h due to different molecular signals released by the epithelium and the lacrimal gland, such as Fas-L and tumor necrosis factor, later, at 5, 7 and following days a plateau due to recovery of a normal number of cells and the differentiation from fibroblasts to myofibroblasts.
Proliferation of residual keratocytes began in our animal model 24 h after surgery, in contrast to rabbits (Mohan et al., 2003) in which Ki-67-positive cells were seen 4 h after a similar injury. However, Netto et al. (2005) after PRK and Zieske et al. (2001) after débridement established 24 h as the time point at which proliferation begins. It is logical that stromal proliferation is preceded by the secretion of several growth factors by the epithelium and hence the restoration of the epithelium is necessary for proliferation to begin. Evolution of this proliferation is similar in rabbits and hens and peaks 72 h after surgery and decreases at 7 days.
Recent research on corneal repair has made great strides toward identifying molecular mechanisms that control differentiation from fibroblasts to myofibroblasts (Stramer et al., 2003) and demonstrated that disruption of the basement membrane is correlated with myofibroblast transformation due to release of a major mediator, TGF-b2, after, the differentiated myofibroblasts expressed SMA as did previous studies with different animal models and levels of PRK correction. We also found SMA-positive cells under the corneal epithelium in the central wound zone. The appearance of SMA-positive cells (5 days) coincided in our animal model with the appearance of haze and occurred earlier than described in rabbits, i.e., 1 week (Mohan et al., 2003) or 28 days (Miyamoto et al., 2003) . In both cases, the SMA-positive cells disappeared 3 months later, while in our animal model SMA-positive cells disappeared in 2 months when the haze resolved.
In conclusion, an experimental animal model of PRK in hens was developed and characterized by clinical, biophysical, and biologic parameters. This model shows similar reepithelization pattern than human, lesser inflammatory reaction and slower cell proliferation than rabbit. But has a problem, which is the scarce availability of commercial growth factors, cytoquines and antibodies. It allows the study of the pathophysiology of corneal wound healing after PRK, specifically showed that haze is highly correlated with the presence of myofibroblasts. Further studies are necessary to explain the correlation between direct transmittance and the synthesis of new extracellular matrix.
